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The Dartmouth Col lege  P r o j e c t  i n  Remote Sensing was begun i n  l i b r u a r  
1968 under a  g r a n t  from t h e  Geographic A p p l i c a t i o n s  Program o f  the I , L I \ ~ I  t - 
ment of I n t e r i o r ' s  G e o l o g i c a l  Survey. The . n i t i a l  g r a n t  was d i r e c t e d  
towards a  s t u d y  of c e r t a i n  p r e - e x i s t i n g  APQ-97 r a d a r  imagery flown fcr t l l c  
CSGS under t h e  a u s p i c e s  of t h e  NASA Manned S p a c e c r a f t  C e n t ~ r .  Th i s  i r i r i l  1 1  
g r a n t  r e s u l t e d  i n  t h e  r e p o r t  Geograph ica l  E v a l u a t i o n  of Radar Imager:)- o f  
New England, p u b l i s h e d  a t  Hanover i n  J u l y  1969. 
I n  t h e  summer of 1968 t h e  Department of I n t e r i o r  C r a n t  was expandcLI :c 
i n c l u d e  m u l t i s e n s o r  s t u d i e s ;  New England was d e s i g n a t e d  a  T e s t  S i t e  (Uo. Vo) 
of t h e  NASA-Manned S p a c e c r a f t  Center  Ear th  Resources A i r c r a f t  Program; irc 
t h e  unders igned  was d e s i g n a t e d  P r i n c j p a l  I n v e s t i g a t o r  f o r  t h e  Test SILL 
A NASA CV-240 m u l t i s e n s o r  a i r c r a f t  over f l ew t h e  a r e a  i n  November 1968 
(? l i s s ion  82) a t  a planned f l i g h t  a l t i t u d e  of 10 ,000  f e e t .  Bad wealner  
p reven ted  f l y i n g  a l l  of t h e  f l i g h t  l i n e s  o r  a c t i v a t i n g  a l l  of t h e  sensorc , .  
N e v e r t h e l e s s  much of  t h e  Connec t icu t  V a l l e y ,  t h e  Dartmouth Second ('01 Lc ge 
Grant ,  and p a r t s  of t h e  Boston m e t r o p o l i t a n  a r e a  were recorded  i n  con\ /c , l i  I o i ~ , ~ '  
c o l o r  and c o l o r  i n f r a r e d  pho tograp l~y ,  and by 3 thermal  i n f r a r e d  l i ~ ? s - i i , i n l - ~ . r ,  
zc<)cll 1 1 I 0  Th i s  f l i g h t  p rov ided  t h e  i n i t i a l  imagery f o r  t h e  p r e s e n t  s t u d v  of --A__ lic -2 
of S e t t l e m e n t  P a t t e r n s  a g a i n s t  a  Complex Bac'cground, - p a r t i c u l a r l y  f ilai oi 
t h e  paper  "Line-scan v s  O p t i c a l  Sensors  f o r  I iscrimSnati-ng I3ui 1 t -up  A;i &,'" 
Ten months l a t e r ,  on 1 4  September 1969, a n o t h e r  NASA-MSC f l i g l i t  ( i i ~ , i  r o l i  
103) was s t a g e d  o v e r  T e s t  S i t e  176. The a i r c r a f t  was a  C-130B. S e n s o r i  
i n c l u d e d  seven  cameras wit11 v a r i o u s  f i l m  and f i l - ~ e r  comi>inations O I J L ~ [ I I /  t i  
f o r  s e t t l e m e n t  p a t t e r n s ,  j)lus a  the rmal  i n f r a r e d  s c a n n e r .  
The f i r s t  pub l i shed  use  of imagery from t h e  l a t t e r  f l i g h t  i s  ~ i i c  C t ~ ~ i j ~  
by D r .  Lindgren i n  t h i s  volume, on "Uwell.jng Unit I<st in .a t ion froin C'olor 
I n f r a r e d  Photography". 'The imagery a1 s o  Ilac been a c t i v e l y  useti f o r  sr I t , 
of p o l l u t i o n  and w a s t e  d i s p o s a l ,  r e c r e a t i o n 2 1  r e s o u r c e s ,  p o p u l a t i o n  dcn5ri 
image enhancement, and s e n s o r  c a p a b i l i t y ,  alid h a s  invo lved  a  number o f  ,pi>o l i  L 
from academic,  i n d u s t r i a l ,  and government a g e n c i e s  from New Erlgldntl ~ 1 1  <I 
beyond. 
F i n a l l y ,  on 1 3  September 1969 (one day p r i o r  t o  t h e  10,000-foot  
f l i g h t r e f e r r e d  t o  above) a n  o v e r f l i g h t  was made i n  t h e  new NASA RB-57 
a i r c r a f t ,  r e s u l t i n g  i n  complete coverage of t h e  Boston urban f i e l d  from 
60,000 f e e t  (Mission 104) .  T h i s  imagery w i l l  b e  u t i l i z e d ,  d u r i n g  t h e  
saxnler 2970, t o  compile an urban l a n d  u s e  mcp of t h e  Boston r e g i o n ,  
c o o r d i n a t e d  w i t h  t h e  1970 Census. It is  planned t o  upda te  t h i s  map 
p e r i o d i c a l l y ,  beg inn ing  i n  1972, from imagery c o l l e c t e d  by a n  E a r t h  
Resources Technology S a t e l l - i t e  (ERTS) now i n  t h e  e a r l y  s t a g e s  of con- 
s t r u c t i o n .  
Thus t h e  Dartmouth Col lege  P r o j e c t  i n  Remote Sensing i n c l u d e s  a  com- 
b i n a t i o n  of r e s e a r c h  s t u d i e s  funded by NASA Headquar te r s  though t h e  
Geographic A p p l i c a t i o n s  Program of t h e  Department of I n t e r i o r ,  and m u l t i -  
s e n s o r  o p e r a t i o n a l  a i r d r a f t  f l i g h t s  funded by t h e  E a r t h  Resources  A i r c r a f t  
Program of t h e  NASA-Manned S p a c e c r a f t  Cen te r  a t  Houston. The p r o j e c t  i s  
1 1 0 ~  making a t r a n s i t i o r i  from t h e  e a r l y ,  and e s s e n t i a l ,  p r e o c c u p a t i o n  w i t h  
s e n s o r  c a p a b i l i t i e s  and ' i m i t a t i o n s ,  t o  emphasjs on a n a l y s i s  of t h e  s e n s o r  
outputs, 
Robert  13. Simpson 
Ilanover , ;Jew Hampsl l  i r c .  
20 May 1.970 
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Paper No. 1 
DWELLING U N I T  ESTIMATION 
-
FROM COLOR INFRARED PHOTOGRAPHY 
--
David T. Lindgren 
Department of Geography 
Dartmouth College 
ABSTRACT 
The a p p l i c a t i o n  of a e r i a l  pho to - in t e rp re t a t ion  procedures  t o  
urban a n a l y s i s  has  r e c e n t l y  been r ece iv ing  cons iderable  a t t e n t i o n ,  
One a p p l i c a t i o n  r ece iv ing  such a t t e n t i o n  is t h e  e s t ima t ion  of d w e l l i n g  
u n i t s  i n  a r e a s  of h igh  popula t ion  dens i ty .  I n  t h i s  s tudy  co lo r  in-  
f r a r e d  photography of met ropol i tan  Boston of a s c a l e  1:20,000 i s  
examined and found t o  be  capable of providing t h e  s i g n a t u r e s  necessary 
f o r  making accu ra t e  dwell ing u n i t  e s t ima te s .  It is f e l t  t h a t  f u r t h e r  
i n v e s t i g a t i o n  of co lo r  i n f r a r e d  photography may r e v e a l  t h a t  accu ra t e  
estimates can be  made from s c a l e s  v a s t l y  sma l l e r  than t h e  1:20,000 
used here .  
BhXLLING UNIT ESTIMATION FROM COLOR INFRARED PHOTOGRAPHY 
- --
I. INTRODUCTION AND REVIEW 
Airborne imagery appears  t o  possess  g r e a t  p o t e n t i a l  a s  a t o o l  
f o r  urban ana lys i s .  A t  p r e s e n t ,  however, research  i n  t h i s  d i r e c t i o n  
has been Limited. One a r e a  where research  has begun i s  i n  t he  develop- 
nent of  methods f o r  e s t ima t ing  t h e  number of dwell ing u n i t s  i n  a r e a s  
of high popula t ion  dens i ty .  From such e s t ima te s  a number of a d d i t i o n a l  
estimates can be  generated inc luding  t o t a l  popula t ion  and dens i ty  of 
populat ion,  In  t h i s  s tudy  dwell ing u n i t  e s t ima te s  a r e  made f o r  
selected a r e a s  of met ropol i tan  Boston using good c o l o r  i n f r a r e d  (CIR) 
imagery flown a t  an a l t i t u d e  of 10,000 fee t . '  The purpose of t h e  s tudy 
i s  twofold -- f i r s t ,  t o  determine whether accu ra t e  dwell ing u n i t  e s t ima te s  
can be  made from medium-scale imagery, i n  t h i s  case  1:20,000, and second, 
t o  de t e rn ine  whether i n  making these  e s t ima te s  C I R  imagery o f f e r s  advantages 
not offered by panchromatic and n a t u r a l  c o l o r  imagery. 
Severa l  s t u d i e s  have been prepared on dwell ing u n i t  e s t ima t ion ,  in-  
4 
cluding those  of  ree en^, 13adfield3, and B i n s e l l  . Green's s tudy of 
B iminghm,  Alabama, was t h e  f i r s t  of i t s  kind. Using panchromatic s t e r e o  
pairs of a s c a l e  1:7,500 Green examined seventeen r e s i d e n t i a l  subareas ,  
Part of Mission 104, NASA-MSC Earth Resources A i r c r a f t  Program,l4 September 
1969, over Tes t  S i t e  176 (New England). Ektachrome Aero In f r a red  Film 8443. 
This study w a s  f inanced by U.S. Geological  Survey, Department of I n t e r i o r  
Grant No, 14-08-0001-G-8, Robert B. Simpson, P r i n c i p a l  Inves t iga to r .  
L Noman E. Green, A e r i a l  Photography i n  t he  Analysis  of Urban S t r u c t u r e ,  
Ecolonica l  and S o c i a l  ( u n ~ u b l i s h e d  Ph.D. d i s s e r t a t i o n .  De~ar tmen t  of 
" . .  
Sociology, Univers i ty  of North Carol ina,  June 1955). 
S.M. i i adf ie ld ,  Evaluat ion of Land Use and Dwelling Unit Data Derived from 
, Urban Research Sec t ion ,  Chicago Area Transpor ta t ion  
S tudy ,  Chicago, 1963. 
Ronald B i n s e l l ,  Dwelling Unit Est imation from A e r i a l  Photography, Depart- 
ment of Geography, Northwestern Univers i ty ,  June 1967. 
- /- 
record ing  s e v e r a l  c a t e g o r i e s  of housing type.  The c a t e g o r i e s  included 
single-family,  double-family, mult i - family 3-5, mult i - family 6-8, and 
multi-family 9-11. I d e n t i f i c a t i o n  of housing types  w a s  based upon such 
c r i t e r i a  a s  form and s t r u c t u r e  of roo f ,  yards  and cour t s ;  driveways and 
entranceways; s i z e ,  shape and h e i g h t  of s t r u c t u r e s ;  and s p a t i a l  relation- 
s h i p s  t o  o t h e r  bu i ld ings .  Three major e r r o r  t r ends  were revea led  by 
t h i s  s tudy.  F i r s t ,  dwell ing u n i t s  pe r  b lock  were underestimated by 7 
pe rcen t ;  second, s ing le -un i t  detached s t r u c t u r e s  were overest imated by 
8 pe rcen t ;  and t h i r d ,  t h e  amount of e r r o r  i nc reased  i n  a r eas  having a 
h i g h e r  prevalence of mul t i -uni t  s t r u c t u r e s .  The i n v e s t i g a t i o n  further 
revea led  t h a t  99.8 percent  of r e s i d e n t i a l  s t r u c t u r e s  were accounted f o r  
by aerial p h o t o i n t e r p r e t a t i o n  procedures.  
S. H. Hadf ie ld ' s  s tudy  of Chicago a l s o  inc luded  a  system f a r  estimating 
dwell ing u n i t s .  The photos i n  t h i s  i n s t a n c e  were of a s c a l e  1:4,800; 
dwell ings were c l a s s i f i e d  simply a s  s i n g l e  family o r  mu l t ip l e - f a~n i ly ,  The 
e s t ima te s  made from t h e  photos were checked f o r  accuracy i n  two ways -- 
census d a t a  and f i e l d  surveys.  The l a t t e r  were based upon observa t ion  of 
doorbe l l s ,  m a i l  boxes and u t i l i t y  meters.  Hadfield found from h i s  fnvesti- 
ga t ion  t h a t  t he  o r i g i n a l  a e r i a l  survey showed 10% l e s s  dwell ing u n i t s  than 
t h e  census count. However, when t h e  f i e l d  survey was used t o  provide a 
c o r r e c t i o n  f a c t o r  t h e  d i f f e r e n c e  between t h e  a e r i a l  survey and t h e  census 
count was reduced t o  only 0.4 percent .  Unfortunately,  t h e  n a t u r e  and 
development of Hadf i e ld ' s  c o r r e c t i o n  f a c t o r  were no t  descr ibed  i n  detail, 
I n  a  r e c e n t  s tudy  of t h e  Chicago a r e a ,  Ronald B i n s e l l  has experimented 
with  n a t u r a l  c o l o r ,  cont inuous-s t r ip  t r anspa renc ie s  a t  a  s c a l e  of i15,240 
f o r  making dwell ing u n i t  e s t ima te s .  S t e reo  p a i r s  were no t  ?mplsyed, and 
fur thermore i t  was poin ted  out  t h a t  no s p e c i a l  advantage accrued from the 
use of co lo r .  A v a r i e t y  of r e s i d e n t i a l  a r e a s  was examined, none of which 
had been v i s i t e d  by t h e  au thor  p r i o r  t o  t h e  dwell ing u n i t  e s t ima t ion ,  
B i n s e l l ' s  methodology e n t a i l e d  drawing up a  l ist  of keys f o r  estimating 
t he  number of dwell ing u n i t s  p e r  r e s i d e n t i a l  s t r u c t u r e  (Annex A) and test- 
i n g  i t  on two sample blocks.  The two b locks  were then f i e l d  cheeked, re- 
vea l ing  a g ros s  overes t imat ion  of dwell ing u n i t s .  The keys were adjusted 
f o r  t h i s  f a c t o r ,  and an  i n v e s t i g a t i o n  was conducted on an a d d i t i o n a l  nine- 
t een  subareas.  A f i e l d  check of t he  n ine t een  subareas  revea led  the f o l l o w i n g  
error t r ends  i n  t h e  e s t ima te s :  f i r s t ,  dwell ing u n i t s  were underestimated 
by X5,7 pe rcen t ;  second, s i n g l e  detached dwell ings were overest imated by 
4 2  percen.t; t h i r d ,  t h e  degree of e r r o r  was found t o  i nc rease  wi th  the  
prevalence of mul t i -uni t  r e s i d e n t i a l  s t r u c t u r e s ;  and f o u r t h ,  99.9 percent  
of  r e s i d e n t i a l  s t r u c t u t e s  were i d e n t i f i e d  by a e r i a l  imagery. The d i r e c t i o n s  
of error,  then,  were q u i t e  c o n s i s t e n t  w i th  those  found by Norman Green, 
11. METHODOLOGY 
The dwel l ing u n i t  e s t ima te s  descr ibed  i n  t h e  preceding review were 
d e r i v e d  from r e l a t i v e l y  l a rge - sca l e  imagery. Green used t h e  s m a l l e s t  s c a l e  
a t  k :7 ,500 whi le  Badf ie ld  used t h e  l a r g e s t  a t  1:4,800. For t h i s  s tudy  a 
scale of 1:20,000 was s e l e c t e d  i n  o rde r  t o  eva lua t e  whether t h i s  medium- 
scale imagery could be  used i n  making dwell ing u n i t  e s t ima t ions .  Further-  
more, where previous e s t ima te s  were der ived  from e i t h e r  panchromatic p r i n t s  
o r  natural c o l o r  t r anspa renc ie s ,  i n  t h i s  s tudy  C I R  t r anspa renc ie s  were em- 
ployed,  It was f e l t  t h a t  i n  high-densi ty  a r e a s  C I R  imagery would a l low 
f o r  e a s i e r  i d e n t i f i c a t i o n  of urban s i g n a t u r e s .  
The methodology cons i s t ed  of s e l e c t i n g  t h r e e  t e s t  blocks of high- 
density housing i n  t h e  me t ropo l i t an  Boston area .  Two of t h e  b locks  s e l e c t e d  
were l oca t ed  i n  Chelsea, t h e  t h i r d  i n  East  Boston. The a n a l y s i s  of t hese  
blocks was done monoscopically al though a s t e r eoscop ic  a n a l y s i s  could have 
been conducted. Oblique photos were no t  a v a i l a b l e .  However, s i n c e  
continuous s t r i p  t r anspa renc ie s  were being used, a s l i g h t  obl ique view of 
some blocks w a s  poss ib l e .  Where such views were p o s s i b l e  bu i ld ing  h e i g h t s ,  
that is, t h e  number of s t o r i e s ,  could b e  r e a d i l y  determined. Magnif icat ion 
of the t r anspa renc ie s  w a s  done exc lus ive ly  by hand l e n s e s ,  t h e  most powerful 
of which could magnify by a f a c t o r  of e ighteen .  
A s  a s t a r t i n g  p o i n t  t h e  pho to - in t e rp re t a t ion  keys developed by B i n s e l l  
were sys t ema t i ca l ly  app l i ed  t o  the  t e s t  blocks i n  o rde r  t o  e s t ima te  t h e  
number of r e s i d e n t i a l  s t r u c t u r e s  and the  number of dwell ing u n i t s .  Some 
of t h e  keys,  such as t h e  arrangment of windows, were of l i t t l e  va lue  when 
working a t  a s c a l e  of 1:20,000. Most, however, were q u i t e  app l i cab le  a l -  
though in modified form. 
A f i e l d  check w a s  conducted by t h e  au thor  t o  determine t h e  accuracy 
of t h e  e s t ima te s  and t h e  e f f e c t i v e n e s s  of t h e  keys. Dwelling--unit counts 
i n  t h e  f i e l d  were made on t h e  bases  of doorbe l l s ,  mailboxes and utility 
meters.  Where t h e r e  remained some ques t ion  t h e  count was v e r i f i e d  by 
quest ioning one of t h e  b u i l d i n g ' s  occupants.  On t h e  b a s i s  of this f i e l d  
check t h e  keys were modified. Following i s  a l i s t  of t he  keys relevant 
t o  t h e  dwelling-unit  e s t ima te s  made i n  t h i s  s tudy.  
Keys f o r  determining number of dwell ing u n i t s  p e r  s t r u c t u r e :  
1. Type of roof 
2. Re la t ive  s i z e  of s t r u c t u r e  
3. Number of s t o r i e s  
4. Div is ion  of bu i ld ings  
5. A v a i l a b i l i t y  of parking 
6. Amount and q u a l i t y  of vege ta t ion  
Keys f o r  d i s t i n g u i s h i n g  between r e s i d e n t i a l  and non- re s iden r i a l  structures: 
1. Shape 
2. Parking a v a i l a b i l i t y  
3. Rela t ive  l o c a t i o n  
4. Amount and q u a l i t y  of vege ta t ion  
With t h e  completion of t h e  f i e l d  check, f i f t e e n  a d d i t i o n a l  c i t y  b locks  
w i t h i n  met ropol i tan  Boston were s e l e c t e d  f o r  examination. Six of the 
c i t y  blocks were loca t ed  i n  East  Boston, f i v e  were loca t ed  i n  Chelsea and 
f o u r  were loca t ed  i n  Charlestown (Figure 1 ) .  Although none of the f i f t e e n  
blocks had even been v i s i t e d  by t h e  au thor ,  some f a m i l i a r i t y  w i t h  the East 
Boston and Chelsea a r e a s  had obviously occurred a s  a  r e s u l t  of the field 
check of t h e  t h r e e  t e s t  blocks.  The four  blocks i n  Charlestown, a s e c t i o n  
of Boston never  v i s i t e d  by t h e  au tho r ,  were s e l e c t e d  i n  o rde r  t o  test t h e  
s i g n i f i c a n c e  of f a m i l i a r i t y  i n  t h e  making of dwell ing u n i t  e s t ima te s ,  
The e s t ima te s  of dwell ing u n i t s  f o r  t h e  f i f t e e n  blocks were determined 
p r imar i ly  on t h e  b a s i s  of fou r  photo keys - roof type,  r e l a t i v e  s i z e ,  
number of s t o r i e s ,  and d i y i s i o n  of bu i ld ings .  Roof type,  t h a t  i s ,  peaked 
o r  f l a t ,  was usua l ly  determined f i r s t .  S t r u c t u r e s  w i th  peaked roofs seldom 
contained more than two dwell ing u n i t s .  The dec i s ion  was whether the 
s t r u c t u r e  was a s ingle-family o r  two-family u n i t .  Addi t iona l  factors such 
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Figure 1. Locat ion of Sample Areas and Blocks S tudies .  
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The o v e r a x  popula t ion  d e n s i t i e s  of Chelsea 
and Boston (of which Eas t  Boston and Charlestown 
are a p a r t )  i n  1967 were 14,569 and 14,273 per  
square  m i l e  r e s p e c t i v e l y .  
a s  r e l a t i v e  s i z e  o r  t h e  presence of a s ing le-car  garage were n e c e s s a r i l y  
considered. 
S t r u c t u r e s  w i th  f l a t  roo f s  u sua l ly  contained two o r  more dwelling 
un i t s .  Few s t r u c t u r e s  i n  t h e  a r e a s  i n v e s t i g a t e d  contained more than t h r e e  
dwell ing u n i t s .  The number of s t o r i e s  of s t r u c t u r e s  became t h e  best 
i n d i c a t o r .  The de termina t ion  was made p r imar i ly  on t h e  b a s i s  of shadows, 
except  i n  those  few ins t ances  where obl ique  views were a v a i l a b l e ,  T o  
u t i l i z e  shadows e f f e c t i v e l y  a p o i n t  of r e f e rence  such a s  a garage nad t o  
be  found. The shadow c a s t  by t h i s  s t r u c t u r e  was then  compared t o  the 
shadows c a s t  by t h e  r e s i . den t i a l  s t r u c t u r e s  t o  determine the  number of 
s t o r i e s .  A t  t h i s  p o i n t  roof d i v i s i o n s  such a s  f i r e w a l l s  were sought t o  
determine whether t h e  bu i ld ing  was a s i n g l e  s t r u c t u r e  of a t t a c h e d ,  
Although t h e  a reas  i n v e s t i g a t e d  were heav i ly  r e s i d e n t i a l ,  some non- 
r e s i d e n t i a l  s t r u c t u r e s  were found. For s t r u c t u r e s  such a s  neighborhood 
meeting h a l l s  o r  churches,  shape such as i n d i c a t e d  by shadow was the b e s t  
key. Parking a r e a s  and landscaping were f r equen t ly  absent  from such s t r u c t u r e s .  
Other non- re s iden t i a l  s t r u c t u r e s ,  grocery s t o r e s  o r  laundromats could be  
i d e n t i f i e d  by t h e i r  corner  l o c a t i o n  o r  f l a t  roof and one-story height, 
111. RESULTS 
The r e s u l t s  of t h e  i n v e s t i g a t i o n  of t h e  f i f t e e n  blocks appear in Table 
I. Est imating t h e  number of r e s i d e n t i a l  s t r u c t u r e s  per  b lock  by aerial imagery 
of a s c a l e  1:20,000 proved h ighly  succes s fu l .  Here t h e  C I R  f i l m  was extremely 
h e l p f u l  by providing sharp c o n t r a c t  between bu i ld ings  and vege ta t ion ,  The 
f i g u r e s ,  t h e r e f o r e ,  show an overes t imat ion  of only one r e s i d e n t i a l  s t r u c t u r e  
f o r  t he  f ive-block t o t a l  i n  Chelsea, and an underest imation of on ly  t w o  
r e s i d e n t i a l  s t r u c t u r e s  f o r  t h e  six-block t o t a l  i n  East Boston and t h e  four- 
block  t o t a l  i n  Charlestown. When t h e  f i g u r e s  f o r  t h e  i n d i v i d u a l  b l o c k s  a r e  
examined the  number of e r r o r s  appears  somewhat g r e a t e r .  However, i n  the area 
t o t a l s  t he  degree of e r r o r  i s  l e s s ,  because underest imations a re  i n  some cases 
o f f s e t  by overes t imat ions .  The t o t a l  f o r  t h e  t h r e e  a r e a s  shows an underesr i -  
mation on only t h r e e  r e s i d e n t i a l  s t r u c t u r e s  out  of 655. This correct ibenti- 
f i c a t i o n  of 99.5 percent  of t h e  r e s i d e n t i a l  s t r u c t u r e s  compares favorab le  w i t 1 1  
Green's 99.8 percent  and B i n s e l l ' s  99.9 percent .  
ESTIMTED AND ACTUAL NUMBER OF RESIDENCES AND DWELLING UNITS PER BLOCK FOR 
THREE SAMPLE AREAS 
Block No.Residences for which 
Nos, DUs Correctly Estimated 
I 
East Boston 
-
Chelsea 
126 (62%) 
Charlestown 
Grand Total  
The a reas  s e l e c t e d  f o r  i n v e s t i g a t i o n ,  a s  i t  turned o u t ,  were com- 
p r i s e d  p r imar i ly  of multi-family s t r u c t u r e s .  There were i n  fact f e w  
s ingle-family detached u n i t s .  Since previous s t u d i e s  had a l l  shown the 
degree of e r r o r  i n  dwelling u n i t  e s t ima te s  t o  i nc rease  i n  a r e a s  h a z r ~ n g  
a  prevalence of mul t i -uni t  s t r u c t u r e s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  the  
e s t ima te s  of dwelling u n i t s  i n  t h i s  s tudy  were l e s s  accu ra t e  than the 
es t ima te s  of r e s i d e n t i a l  s t r u c t u r e s ,  
The d a t a  i n  Table B show t h e  n m b e r  of dwell ing u n i t s  i n  t h e  six- 
block t o t a l  f o r  Eas t  Boston t o  have been overest imated by 6 ,  in the f ive-  
block t o t a l  f o r  Chelsea t h e  number was underestimated by 2 4  and i n  the 
four-block t o t a l  f o r  Charlestown an underest imation of 36 dwellhng u n i t s  
occurred. However, when f i g u r e s  f o r  i n d i v i d u a l  blocks a r e  examined the 
number of e r r o r s  is  g r e a t l y  increased ,  Again t h e  degree of e r r o r  r n  the 
t o t a l s  is reduced by t h e  o f f s e t t i n g  of underest imates  by overes t imates ,  
S i g n i f i c a n t l y  t h i s  l a t t e r  s i t u a t i o n  d id  n o t  occur i n  CharPestoajdl~, where 
t h e  number of dwell ing u n i t s  pe r  b lock  was c o n s i s t e n t l y  underest imated,  
This  w a s  due i n  l a r g e  p a r t  t o  a p a r t i c u l a r  type of roof which was eontinuaLLy 
misread. Had a  t e s t  been done i n  Charlestown t h i s  roof type  wokEd un- 
doubtedly have been discovered and the  r e s u l t i n g  a n a l y s i s  would have 
displayed fewer e r r o r s ,  
The t o t a l  of t h e  t h r e e  a r e a s  shows an  underest imation of 54 dwelling 
u n i t s ,  o r  3 .1 percent ,  The percentage of e r r o r  compares extremely w e 1 4  
with  previous s t u d i e s ,  Green underestimated h i s  dwelling u n i t s  by 7 pe r -  
c e n t ,  Hadfield by l O  percent  and B i n s e l l  by 15,7 pe rcen t ,  
One f i n a l  s t a t i s t i c  computed which d i d  no t  appear i n  previous studies 
was t h e  number of dwell ings f o r  which dwelling u n i t s  were c o r r e c t l y  es t imated  
(Table I) .  The l a r g e s t  number of c o r r e c t  e s t ima te s  was made i n  the East 
Boston and Chelsea a r e a s ,  where percentages were recorded of 61 and 62  
r e spec t ive ly .  In Char l e s tom,  t h e  one a r e a  no t  v i s i t e d  by the  a u t h o r ,  an1.y 
52 percent  of t h e  houses were c o r r e c t l y  i d e n t i f i e d  a s  t o  exac t  n-moer of 
dwell ing u n i t s  , 
A chi-square t e s t  was appl ied  t o  t h e  d a t a  i n  Table E a s  a rnear:s s f  
determining the  s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  es t imates .  In Table LL the 
s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  e s t ima te s  of r e s i d e n t i a l  s t r u c t u r e s  p e r  
STATISTICAL SIGNIFICANCE OF ESTIMATES FOR NUMBER OF RESIDENTIAL STRUCTURES 
PER BLOCK 
East Boston 
Chelsea 
Charlestsam 
TABLE I11 
STATISTICAL SIGNIFICANCE OF ESTIMATES FOR NUMBER OF DWELLING UNITS PER BLOCK 
East Boston 
Chelsea 
block is t e s t e d .  The chi-square va lues  are presented  f o r  t h e  East  Boston, 
Chelsea and Charlestown areas, a s  w e l l  as f o r  t h e  t o t a l  of t h e  three areas, 
The e s t ima te s  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  i f  t h e  chi-square value is  
less than t h e  c r i t i c a l  va lue  a t  s e l e c t e d  r e j e c t i o n  r a t e s .  The critical 
r e j e c t i o n  rates used a r e  10 pe rcen t ,  5 percent  and one percent .  I n  Table I1 
t h e  chi-square va lues  of t h e  t o t a l  are a l l  completely s i g n i f i c a n t  statisti- 
c a l l y  a t  t h e  confidence l e v e l  of 99 percent .  
I n  Table I11 t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of  t h e  e s t ima te s  of dwell ing 
u n i t s  pe r  b lock  is t e s t e d .  Again t h e  chi-square va lues  a r e  presented  f o r  
t he  East  Boston, Chelsea and Charlestown a r e a s  as w e l l  as t h e  total of the 
t h r e e  areas. The ch i -square ,va lues  of East  Boston, Chelsea and the three- 
a r e a  t o t a l  a r e  f u l l y  s i g n i f i c a n t  s t a t i s t i c a l l y  a t  t h e  99 percent  confidence 
l e v e l .  The chi-square va lue  of Charlestown is  s i g n i f i c a n t  a t  the 9 3  percent  
confidence l e v e l .  
I V .  CONCLUSION 
The major conclusion of t h i s  i n v e s t i g a t i o n  i s  t h a t  accu ra t e  dwelling- 
u n i t  e s t ima te s  can be  made from a e r i a l  photographs of a much smaller scale 
than has  been employed i n  t h e  pas t .  I n  t h i s  case  a s c a l e  of 1:20,000 
made p o s s i b l e  e s t i m a t e s  which were shown t o  be  s t a t i s t i c a l l y  significanr 
a t  t h e  99 percent  confidence l e v e l .  It should b e  emphasized that a 
f a m i l i a r i t y  wi th  t h e  a r e a  pnder i n v e s t i g a t i o n ,  no ma t t e r  how slight $a s i n g l e  
v i s i t  even) ,  w i l l  g r e a t l y  improve t h e  accuracy of t h e  r e s u l t s .  I f  i t  can 
be  assumed t h a t  i n  most ca ses  an i n t e r p r e t e r  would have some knowledge of 
t h e  a r e a  i n  which he i s  working, then  t h e  accuracy of dwell ing u n i t  estimates 
from s c a l e s  even sma l l e r  than  1:20,000 may remain r e l a t i v e l y  h i g h ,  Further 
t e s t i n g  should be  c a r r i e d  out  us ing  such sma l l e r  s c a l e s .  
Comment should a l s o  be made on t h e  va lue  of us ing  c o l o r  infrared f i l m ,  
It  is  f e l t  by t h i s  i n v e s t i g a t o r  t h a t  CIR i s  t h e  most e f f e c t i v e  f i l m  f o r  
s tudying  high-density r e s i d e n t i a l  a r eas .  Much g r e a t e r  d e t a i l  can be obtained 
from i t s  use; t h e  c o n t r a s t  between bui l t -up  and nonbuilt-up areas is  most 
obvious. However, even i n  bui l t -up  a r e a s ,  d e t a i l  is sharper  than with 
I 
panchromatic o r  n a t u r a l  c o l o r  f i lms .  
Annex A 
PHOTOGRAPHIC INTERPRETATION KEXS 
DEVELOPED BY BINSELL 
Keys used t o  d i s t i n g u i s h  between a  s t r u c t u r e  conta in ing  a  s i n g l e  dwell ing 
unit and one conta in ing  two dwell ing u n i t s :  
1. The number of s idewalks leading  t o  t h e  s t r u c t u r e  
2. The s i z e ,  shape and he igh t  ( i n  s t o r i e s )  of t h e  s t r u c t u r e  
3. Any i n d i c a t i o n  of a d i v i s i o n  l i n e  i n  t h e  backyard 
4. Number of chimneys 
5. Roof shape ( f l a t  o r  peaked). 
Keys used t o  d e t e c t  t h e  number of dwell ing u n i t s  i n  mul t i -uni t  s t r u c t u r e s :  
1. Roof d i v i s i o n s  and number of chimneys 
2. Number of sidewalks and s idewalk i r r e g u l a r i t y  
3. Size ,  shape and h e i g h t ( i n  s t o r i e s )  of t h e  s t r u c t u r e  
4. Outside porches and f i r e  escapes ( e s p e c i a l l y  a t  t h e  r e a r  
of low q u a l i t y  s t r u c t u r e s )  
5. Arrangement of windows ( i r r e g u l a r i t i e s  i n d i c a t e  u n i t  s epa ra t ion )  
6. Roof a r e a  and type  ( f l a t  o r  peaked) 
7. Number of parking spaces.  
Keys used t o  d i s t i n g u i s h  between r e s i d e n t i a l  and n o n r e s i d e n t i a l  s t r u c t u r e s :  
1. Lot l i n e  
2. S t r u c t u r e , s i z e  and shape 
3. Associated parking f a c i l i t i e s  
4. Occurrence o r  nonoccurrence of f r o n t  and back yards  
5. Contiguous s t r u c t u r e s .  
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I. INTRODUCTION 
A previous  s tudy  by t h e  p r e s e n t  w r i t e r  determined t h e  c a p a b i l i t y  
of r a d a r  t o  permit d i sc r imina t ion  of t h e  l o c a t i o n ,  s i z e  and shape of 
bu i l t -up  a r e a s ,  u t i l i z i n g  as a format t h e  complex and c l u t t e r e d  Eand- 
scape p a t t e r n s  of New England.' The s tudy revea led  t h e  c a p a b i l i t y  of a 
s t a t i s t i c a l l y  determined "average competent i n t e r p r e t e r "  t o  d i sc r imina te  
t h e  i n t e r f a c e s  between bui l t -up and nonbuilt-up a reas .  Imagery used w a s  
of " f a i r "  q u a l i t y ,  recorded i n  J u l y  1966 by a Westinghouse APQ-97, 
K-band, dual-polar ized r ada r .  
Thermal i n f r a r e d  (TIR) and o p t i c a l  (photographic) imagery of many 
of t h e  same a r e a s  w a s  obtained i n  November 1968 by an  o v e r f l i g h t  of t he  
NASA-MSC Convair 240, a t  an  a l t i t u d e  of 8,500 - 10,000 f e e t .  Scanner was 
a Reconofax I V  (unca l ib ra t ed )  imaging i n  t h e  8-14 micron band. Time of 
day was between l O A M  and 2PM ( l o c a l ) .  Qual i ty  of t h e  imagery w a s  good, 
Compatible camera coverage was obta ined ,  s imultaneously,  on Ektachrome 
8442 f i lm ,  9x9-inch format. Color i n f r a r e d  (CIR; Ektachrome Infrared 
Aero Film 8443) imagery was at tempted,  b u t  w a s  marginal  i n  q u a l i t y  due t o  
unfavorable  weather condi t ions .  
For f u r t h e r  d e t a i l  on t h e  senso r s ,  missions and imagery s e e  Annex A, 
A s  a r e s u l t  of t hese  two missions i t  became p o s s i b l e  t o  compare the  relative 
use fu lnes s  of t h e  two k inds  of l ine-scanned imagery, TIR and r ada r  w i t h  
photography as w e l l  as w i t p  ground t r u t h  f o r  t h e  d i sc r imina t ion  of bu i l t -up  
a reas .  These comparisons a r e  t h e  s u b j e c t  of t h i s  r e p o r t .  
Although Alexander and co l leagues  ( see  Bibliography, Annex C ) ,  high- 
l i g h t e d  t h e  importance of such r e sea rch  i n  a keynote p re sen ta t ion  a t  the 
F i f t h  Symposium of Remote Sensing i n  A p r i l  1968 l i t t l e  has  y e t  been done t o  
d e f i n e  t h e  c a p a b i l i t y  of s enso r s  t o  r e v e a l  t h e  l o c a t i o n ,  s i z e  and shape o f  
bui l t -up  a reas .  Sabol used r ada r  imagery f o r  bui l t -up a r e a  d i sc r imina t ion  
1 Simpson, R.B., Geographic Evaluat ion of Radar Imagery of New England, 
Interagency Report NASA-163 (1969) 
a t  about t he  same time t h e  p re sen t  w r i t e r  publ ished h i s  d e t a i l e d  cons idera t ion  
of t h i s  sub jec t  i n  J u l y  1969. A t  t h e  S ix th  Symposium on Remote Sensing i n  
Octeber 1969 t h e  use of space photography, h igh -a l t i t ude  photography, and 
low r e s o l u t i o n  imagery i n  gene ra l  were d iscussed  i n  terms of urban a p p l i c a t i o n s  
by Wdler, Bolz and co l leagues ,  and Marble, r e s p e c t i v e l y  ( see  Annex C). 
However, we a r e  moving i n t o  a per iod  of i n t e n s i v e  s tudy  of rural-urban 
pattern i n t e r f a c e s  wi th  only l imi t ed  knowledge of t h e  e f f e c t i v e n e s s  of our  
eoulkl-sensor t o o l s .  
I I. PROCEDURE 
First s t e p  i n  t h e  p re sen t  eva lua t ion  was t o  i d e n t i f y  those a r e a s  i n  
New England which had been covered both by t h e  r a d a r  f l i g h t  of J u l y  1966 
and the optical-TIR f l i g h t  of November 1968, bo th  of which were s ing le -  
swath e f f o r t s .  Such a r e a s  were found i n  t h e  Boston met ropol i tan  a r e a  and 
along p a r t s  of t h e  Connecticut Valley. They af forded  good v a r i e t y  i n  s e t t l e -  
m e n t  p a t t e r n  d e n s i t i e s ,  ranging from t h e  h igh  d e n s i t i e s  of t h e  core  of 
Boston out  ac ros s  i t s  urban sprawl i n t o  t h e  h i n t e r l a n d s  and i n  r u r a l  north- 
western New England from a r u r a l  manufacturing town of 3,000 down t o  the  
open p a t t e r n s  of i n d i v i d u a l  s c a t t e r e d  farmsteads.  
S i x  sample a r e a s  were s e l e c t e d  (Figure 1 )  t o  r ep re sen t  t h e  spectrum 
of populat ion dens i ty  No r e p r e s e n t a t i v e  of t h e  h ighes t  dens i ty ,  c e n t r a l  c i t y ,  
area was chosen, s i n c  n such an a r e a  no s i g n i f i c a n t  bu i l t -up ,  nonbuilt-up 
I n t e r f a c e s  a r e  presen  I n  f a c t ,  t h e  dens i ty -desc r ip t ive  a d j e c t i v e s  ass igned  
t o  the sample a r e a s  i he  fol lowing paragraphs a r e  designed t o  f i t  t h e  
nesds of t h i s  s tudy o . ( In  g l o b a l  core-c i ty  terms, f o r  example, a dens i ty  
of 6,500 persons pe r  square  mi l e  would be "low" r a t h e r  than  "high-medium"). 
S - A high-medium dens i ty  (6,500 per  sq .  mi.)  a r e a  i n  mid-city; 
mostly mult i fami ly  r e s i d e n t i a l  s t r u c t u r e s  b u t  a l s o  a h igh  percentage of 
mixed wholesale ,  r e t a i l  and s e r v i c e  a c t i v i t i e s  p l u s  a few l a r g e  f a c t o r i e s .  
Breaks i n  t h e  bui l t -up  p a t t e r n  a r e  presented  by a s t ream and by s c a t t e r e d  
areas of poorly dra ined  ground, rock outcrops ,  cemeter ies  and t h e  l i k e .  P a r t  
of the metropol i tan  Boston Town of Waltham. (Figure 6) 
Sample 2: A low-medium dens i ty  (4,000 pe r  sq. mi.) r e s i d e n t i a l  area;  
l a r g e l y  s ingle-family dwell ings b u t  c l o s e l y  spaced -- an o l d e r ,  midd le -  
c l a s s  r e s i d e n t i a l  a rea .  Typif ied by l a r g e  a r e a s  of spreading i n d i v i d u a l  
t r e e s ,  and broken by massive wooded a r e a s  a s soc i a t ed  wi th  r idges  and ponds,  
t h e  l a t t e r  s e rv ing  as r e s e r v o i r s  f o r  t h e  c i t y  water  supply. P a r t  of a 
r e s i d e n t i a l  suburb ly ing  mostly i n  t h e  Town of Winchester but  p a r t l y  in 
t h e  Town of Medford. (Figures  2 and 3) 
Sample 3: A very low dens i ty  (700 pe r  sq. mi . ) ,  very high income, 
modern r e s i d e n t i a l  a r e a  on t h e  o u t s k i r t s  of Boston, cha rac t e r i zed  by a 
completely r u r a l ,  r o l l i n g ,  wooded ambient, broken by openings of ha l f -  
acre o r  s o  ap iece  f o r  t h e  i n d i v i d u a l  house-lawn o r  house-lawn-swiming 
pool  combinations. I n  t h e  Towns of Weston and Wellesley,  Massachuset ts ,  
on t h e  west s i d e  of met ropol i tan  Boston. 
Sample 4: An e n t i r e  l a r g e  r u r a l  town of 3,000 people,  wi th  d e n s i t y  
averaging 1,500 pe r  square  mi l e ,  p l u s  t h e  surrounding r u r a l  f r i n g e .  The 
town i s  on t h e  Connecticut River,  inc ludes  i n t e r s t a t e  highway and r a i l  
t r a n s p o r t a t i o n ,  two f a c t o r i e s  (Cone automatic  machines and Goodyear heels), 
and a  s t a t e  pr i son .  The incorpora ted  v i l l a g e  of Windsor, Vermont, whFch 
d a t e s  from Colonia l  t imes. (Figures  4 and 5) 
Sample 5: Although e s s e n t i a l l y  made up of a g r i c u l t u r a l  Connecticut 
Val ley t e r r a c e  t e r r a i n ,  t h i s  sample is  conspicuously marked by two liaeer, 
along-road hamlets ,  on oppos i te  s i d e s  of a  b r idge  ac ros s  t h e  r i v e r .  Overall  
popula t ion  dens i ty ,  300 pe r  sq. m i .  The hamlets a r e  Orford, New Hampshire 
and F a i r l e e ,  Vermont. 
Sample 6: Truly r u r a l  t e r r a i n ,  occupied only be s c a t t e r e d  famsseads 
except  f o r  a very  s m a l l  agklomeration and two t r a i l e r  parks a t  t h e  eastern 
end of t h e  sample. Overall d e n s i t y  60 pe r  square  mile .  P a r t  of t h e  Town 
(sh ip)  of Ascutney, Vermont. 
2, Size  and shape of t h e  sample a r e a s  and t h e i r  images. 
Each sample a r e a  r e p r e s e n t s  a  pa tch  of ground very  roughly 1.5 mi les  
square, t h e  contac t  s c a l e  of t h e  o p t i c a l  imagery having been reduced t o  
1J4x, and the  TIR and r ada r  enlarged t o  2x and 3x r e s p e c t i v e l y ,  t o  a t t a i n  
rough congruence. However, s c a l e  d i s t o r t i o n s  due t o  (1) t h e  geometry 
inherent in t h e  s enso r s ,  (2) v a r i a t i o n s  i n  f l i g h t  a l t i t u d e  due t o  cloud 
cover,  and (3 )  v a r i a t i o n s  i n  a t t i t u d e  of t he  a i r c r a f t  a r e  cons iderable .  
Thus the c h a r a c t e r i s t i c  shapes of t he  sample images f o r  each sensor  
depart considerably from t h e  square ,  e s p e c i a l l y  i n  t h e  case  of T I R .  
P r o j e c t i n g  each of t h e  sample ch ips  onto accu ra t e ly  s ca l ed  bases  would 
reveal a d d i t i o n a l  i n d i v i d u a l  d i s t o r t i o n s .  E s s e n t a i l  t e c h n i c a l  d e t a i l  
as t o  d i s t o r t i o n ,  s c a l e s ,  s enso r s  and ope ra t iona l  parameters can be found 
in h n e x  A, 
3 ,  Authent ica t ion  of i n t e r p r e t e r  competence and ground t r u t h .  
An oppor tuni ty  t o  p a r t i a l l y  v a l i d a t e  t h e  degree of competence of 
the i n t e r p r e t e r s 1  i n  t h i s  s tudy i s  af forded  by "bridging" back t o  an 
e a r l i e r  s tudy by t h e  present  w r i t e r  (Annex C). I n  t h e  previous  s tudy ,  
the  25 most competent r ada r  i n t e r p r e t e r s  a v a i l a b l e  n a t i o n a l l y  were asked 
t o  i n t e r p r e t  c e r t a i n  r a d a r  imagery, inc luding  (but on a  much smal le r  s c a l e )  
the present samples. The " t y p i c a l  h ighly  competent i n t e r p r e t e r "  ( t h a t  i s  
the  median s c o r e r  of t h a t  group) scored 81.3 a t  t h a t  t ime over  t h e  a r e a  
covered by t h e  p re sen t  samples. The b e s t  s i n g l e  s co res  a t t a i n e d  by anyone 
f o r  these samples a t  t h a t  time averaged 89.6 Our i n t e r p r e t e r  f o r  r ada r  
and 'TIP: i n  t h e  p re sen t  s tudy (MacNeill) scored  85.1 on t h e  same b a s i s .  
Ground t r u t h  f o r  t h e  s i x  sample a r e a s  was c o l l e c t e d  i n  t h e  f i e l d  on 
three s e p a r a t e  occasions by t h i s  w r i t e r ,  by t h e  i n t e r p r e t e r s  involved ( a f t e r  
completing t h e  i n t e r p r e t a t i o n ) ,  and by groups of s tuden t s  (working from 12x 
enlargements of t h e  sample ch ips  and from topographic maps). 
1 Arthur  E, MacNeill, Jr., Dartmouth '68, r a d a r  and TIR 
Mark Hallenbeck, Dartmouth '70 ,  photography 
4. Scoring t h e  success  of t h e  sensors .  
Using paper p r i n t  vers ions  of each of t he  s i x  sample a r e a s  as imaged 
by each of t h e  t h r e e  senso r s ,  a  t o t a l  of 18  d i f f e r e n t  a c e t a t e  overlays 
of t h e  l o c a t i o n ,  s i z e  and shape of t h e  bc i l t -up  a r e a s  was prepared,  A 
copy of t h e  i n s t r u c t i o n s  t o  t h e  radar-TIR i n t e r p r e t e r  is  a t tached  hereto 
as Annex B. Simi l a r  i n s t r u c t i o n s  were given t o  t h e  o p t i c a l  i n t e r p r e t e r ,  
The 1 8  bui l t -up p a t t e r n s  drawn by t h e  i n t e r p r e t e r s  were scored against 
a  c e l l u l a r  ground t r u t h  g r i d ,  t h e  making of which proved t o  be laborious, 
Eighteen d i f f e r e n t  ground t r u t h  over lays  had t o  be  compiled -- one f o r  each 
sensor  and each sample, because of t h e  d i f f e r e n t  d i s t o r t i o n s  i n  each image, 
(A s i d e  experiment shoded t h a t  i n d i v i d u a l  d i f f e r e n c e s  of opinion i n  convert ing 
a l i n e a r  t o  a  c e l l u l a r  ground t r u t h  map p r i o r  t o  s co r ing ,  produced only a 
2 5% dev ia t ion  i n  t h e  r e s u l t a n t  s co res ) .  
Scoring of t h e  degree of accuracy i n  d i sc r imina t ing  bu i l t -up  from non- 
buil t -up a r e a s  was done on a  conserva t ive  b a s i s  : 
h i t s  - (misses + f a l s e  alarms) 
Score = 
t o t a l  bui l t -up c e l l s  
Notice t h a t  t h e  s co re  does no t  depend on the  t o t a l  number of c e l l s  bast o n l y  
on t h e  t o t a l  number of bui l t -up c e l l s .  Since i t  i s  t h e o r e t i c a l l y  possible 
t o  run up almost a s  many f a l s e  alarms as t h e r e  a r e  g r i d  c e l l s  i n  t h e  sample, 
i t  is a l s o  p o s s i b l e  t o  t o t a l  more e r r o r s  than h i t s ,  and thus  t o  earn a 
nega t ive  sco re .  (This was a c t u a l l y  done i n  t h e  case  of r ada r  against the 
most r u r a l  sample a r e a ,  a s  w i l l  be  shown l a t e r ) .  Although t h e  sco res  Rook a t  
f i r s t  glance l i k e  percentages,  t he  f a c t  t h a t  nega t ives  s co res  a r e  possible 
r u l e s  ou t  t h i s  convenience. 
Having scored  each of t h e  t h r e e  senso r s  aga ins t  each of the s i x  diverse 
sample a r e a s  (Table I) a n a l y s i s  of t h e  r e l a t i v e  c a p a b i l i t i e s  of the sensors 
could proceed. 
Table I 
Medium 
-- (:c) 
(Waltham) 
TIE 80.6 
Radar 84.2 
Opt ica l  96.0 
RADAR - TIR - OPTICAL SCORE SHEET 
hits - (misses + false alarms) Score = 
total built-up cells 
Urban Densities 
Low- 
-
V. Low Rural 
Medium Town 
-
(11) (111) (IV) 
(Winch. ) (Weston) (Windsor) 
Rural Rural AVERAGE 
-
Hamlets Farmsteads 
(V) (VI) 
(Orford) (Ascut. ) 
70.8 43.6 76.4 
29.8 neg . 60.2-(2> 
(1) actually minus 28 
35 
(2) excluding the Rural Farmsteads sample from 
the averaging 
(3) the average for TIR and optical alone is 65.3 
111. FINDINGS 
Table I1 ampl i f i e s  on Table I and ca t egor i zes  t he  r e l a t i v e  utility 
of t h e  sensors .  The reader  can g lean  a v a r i e t y  of conclusions from Table  11, 
and from t h e  I l l u s t r a t i o n s  (Annex D )  bu t  fol lowing are a few highlights: 
1. 
The sco r ing  system provided a good range of s co res ,  from a h i g h  of 
98 t o  a low below zero. It a l s o  produced sharp breakpoin ts  i n  scares,  
which make e f f e c t i v e  d i v i d e r s  between ca t egor i e s .  Cameras i n  this type 
of mission f i t  t h e  "use wi th  confidence" ca tegory ,  o v e r a l l .  Daytime TLR 
r a t e s  one s t e p  lower,  as "acceptable" o v e r a l l ,  and r ada r  must be regarded 
a s  only "marginally acceptable"  i n  t h e  r o l e  of i n t e r f a c e  d e f i n e r ,  at 
comparable s c a l e s .  
2 .  The scanning senso r s  a r e  a t  t h e i r  b e s t  a g a i n s t  urban environments. 
Since scanning type  senso r s  have been used l a r g e l y  a g a i n s t  rural-type 
t a r g e t s ,  such as landforms, vege ta t ion ,  and a g r i c u l t u r e  i n  t h e  past, one 
might expect  t h a t  they do l e s s  w e l l  a g a i n s t  urban-type t a r g e t s ,  Such i s  
n o t  t he  case. Both TIR and r ada r  s c o r e  h ighe r  a g a i n s t  t h e  urban and sub-  
urban p a t t e r n s  of Megalopolis than they do a g a i n s t  t h e  sma l l e r ,  scateered-  
bu i ld ing  i n t e r f a c e s  of r u r a l  New England. Reason i s  t h e  tendency towards 
ex tens ive ,  r e p e t i t i v e  geometric shapes i n  t he  man-made s t r e e t  and s t r u c t u r e  
p a t t e r n s  of t h e  c i t y ,  i n  c o n t r a s t  t o  t h e  h igh ly  i r r e g u l a r  and fragmentary 
shapes of t h e  b u i l t - u p t u n i t s  imbedded i n  a haphazard c l u t t e r  i n  most rural 
landscapes. Line-scanners should not be thought of a s  p r imar i ly  rural 
sensors  . 
3. There a r e  almost no t a r g e t  types f o r  which one would prefer radar 
o r  TIR t o  photography. 
I f  one has complete freedom of choice,  t h e r e  a r e  e s s e n r i a l l y  no target 
types w i t h i n  t h e  scope of t h i s  s tudy  f o r  which he would p r e f e r  radar  t o  
daytime TIR, o r  daytime TIR t o  o p t i c a l  cameras. This  f i nd ing  is i m p l i c i t  
1 in Table 11. 
However, r ada r  might s t i l l  be p r e f e r r e d  under those  now widely re -  
cognized circumstances where t h e  ope ra t iona l  s i t u a t i o n  d i c t a t e s  sens ing  
when cloudy o r  extremely hazy weather prec ludes  photography, o r  where a  
prel iminary planning o r  n a v i g a t i o n a l  a i d  is requi red  i n  connect ion wi th  
a rarer high-order survey. Radar might be p r e f e r r e d  i f  fewer f l i g h t  l i n e s ,  
and/or decreased photo l a b  time, were over r id ing .  S imi l a r ly ,  T I R  might be 
preferred i f  a small degrada t ion  i n  r e s o l u t i o n  is accep tab le  a s  a  t r a d e - o f f  
f o r  a night- t ime opera t ion ,  fewer f l i g h t  l i n e s ,  decreased photo l a b  time, o r  
a ready c a p a b i l i t y  f o r  d i g i t a l  manipulation. 
4 ,  - Each of t h e  t h r e e  senso r s  opt imizes bui l t -up  vs. nonbuilt-up 
i n t e r f a c e s  d i f f e r e n t l y .  
Even wi th  a pure ly  d e s c r i p t i v e ,  non- theore t ica l ,  approach i t  i s  poss ib l e  
t o  g e n e r a l i z e  on some of t h e  types of s i g n a t u r e s  a s s o c i a t e d  wi th  bui l t -up  
area i n t e r f a c e s .  For examples s e e  Figures  2 through 6. 
Radar: Built-up a r e a  i n t e r f a c e s  a r e  r e l a t i v e l y  easy  t o  recognize,  8 -  - 
sf cour se ,  i f  an a r e a  of "blooming" such as from an i n d u s t r i a l  o r  commercial 
development, abu t s  ana rea  of low r e t u r n s .  Here t h e  c o n t r a s t  is  one of tone 
more than t ex tu re .  Next most f avo rab le  s i t u a t i o n  depends more on t ex tu re .  
Bk e x i s t s  where an  o l d e r  r e s i d e n t i a l  a r e a  c r e a t e s  a  s t i p p l e d  "salt-with-pepper" 
image (Figures  2a, 4a and 6b) due t o  an in t ima te  i n t e rmix tu re  of i n d i v i d u a l  
tree c r o m s ,  roof tops  and pa tches  of s t r e e t  and lawn. This  salt-with-pepper 
t ex tu re  c c ~ n t r a s t s  w i th  most o the r  p a t t e r n s  contiguous t o  it. Although 
indi-vidual s t r e e t s  occas iona l ly  show up on r ada r ,  n e i t h e r  s t r e e t  counts  nor  
house courlts a r e  f e a s i b l e  on t h e s e  r e t u r n s .  
The table does inc lude  one case  where r a d a r  s co res  h igher  than TIR. 
This i s  t h e  "urban high-medium" dens i ty  category of Waltham, Massachuset ts ,  
where r ada r  scored 84 t o  TIR's 81. Here i s  an area of unusual ly s t rong  
d i f f e r e n t i a t i o n  i n  c u l t u r e  p a t t e r n s ,  w i th  l a r g e ,  r e l a t i v e l y  densely 
populated r e s i d e n t i a l  a r e a s ,  a  major manufacturing complex, a  l a r g e  r e t a i l  
shopping c e n t e r ,  a  cemetery, t ruck  gardens,  i n s t i t u t i o n a l  t e r r a i n ,  and wet 
marshy a reas .  It is an  a r e a  of  unusual ly sha rp  c o n t r a s t s  i n  e m i s s i v i t y  
and r e f l e c t i v e l y  f o r  TIR, bu t  even sha rpe r  c o n t r a s t s  i n  r ada r  r e f l e c t a n c e .  
For the TIR and r ada r  images s e e  Figure 6 .  
b. - TIR: On daytime TIR t h e  b e s t  bui l t -up a r e a  r e t u r n s  a r e  associated 
with  uniform r e s i d e n t i a l  a r e a s ,  where rows of houses produce parallel 
l i n e s  of q'corn-on-the-cob" o r  "rows-of-teeth" high-energy r e t u r n s  
(Figures  Zb, 4b and 6a) .  S t r e e t  counts  a r e  q u i t e  dependable al though 
i n d i v i d u a l  house counts  a r e  seldom p r a c t i c a l .  The presence of t r e e s ,  
e s p e c i a l l y  i n d i v i d u a l  t r e e s ,  weakens t h e  p a t t e r n s ,  bu t  no t  nea r ly  s o  
d r a s t i c a l l y  as they do i n  o p t i c a l  photography. I n t e r f a c e s  can be 
accu ra t e ly  de l inea t ed  where "corn-on-the-cob" p a t t e r n s  abut  almost any 
o t h e r  t ex tu re .  
c. Photography: I n  convent ional  a e r i a l  photography maximum r e t u r n s  from 
a bui l t -up a r e a  a r e  a s s o c i a t e d  gene ra l ly  w i th  a s o l i d  r e s i d e n t i a l  pack 
of post-1950, and p re fe rab ly  post-1960, housing. Modern suburban roofs 
are mostly l i gh t - sh ing led ,  and i n  new housing developments t r e e  C ~ Q ~ X S  
gene ra l ly  are small and low i n  he igh t  (Figures  2c, 3 and 4c).  Accurate  
house counts  a s  w e l l  a s  s t r e e t  counts  gene ra l ly  a r e  p r a c t i c a l ,  and inter- 
f aces  wi th  nonbuilt-up land  can be r a p i d l y  and a c c u r a t e l y  drawn, 

I V .  SUMMARY AND CONCLUSIONS 
Assuming daytime f l i g h t s  a t  medium a l t i t u d e  i n  good weather ,  the 
r e l a t i v e  a b i l i t y  of t h e  common imaging sensors  t o  d i sc r imina te  "seriTt-up 
from nonbuilt-up a reas  i n  a humid mid- la t i tude  environment i s  as fallows: 
camera -- use wi th  confidence 
T I R  - acceptable  
r ada r  -- marginal ly acceptab le  
Only under s p e c i a l  opera t ing  condi t ions  r e l a t e d  t o  weather ,  cost 
and t h e  l i k e  would one s e l e c t  r ada r  o r  T I R  i n  preference  t o  photography* 
Contrary t o  what might be expec ted , the  scanning sensors  are mare 
e f f e c t i v e  a g a i n s t  s e t t l emen t  p a t t e r n s  i n  bui l t -up  a r e a s  than i n  undeveloped 
ones. 
Cameras record bui l t -up  a r e a s  b e s t  i n  s t a r k l y  new, s ingle--family 
r e s i d e n t i a l  a r e a s ;  T I R  i s  less dependent on newness or  nakedness; and 
r ada r  does b e s t  where a v a r i e d  in t e rmix tu re  of  roof tops  and tree crowns 
p r e v a i l s .  
Annex A. 
TECHNICAL DATA 
ON SENSORS, MISSIONS, IMAGERY AND SAMPLE CHIPS 
W A R  
a, K-band, mul t ip le -polar ized .  HH mode, HV a v a i l a b l e  f o r  r e f e rence ,  
Missim: F l i g h t  No. 125, J u l y  1966 
r l ' :  of Or ig ina l  Imagery: 1:186,000 average ( sub jec t  t o  8% v a r i a t i o n )  
- - --- 
: approximately 3x enlargements 
s i z e  1 .4  inches  x 1.4 inches ,  o r  approximately 
1.6 mi l e s  x 1.6 mi l e s ,  + 13% 
s c a l e  1:70,500 t r a n s v e r s e  and 1:73,500 p a r a l l e l  
t o  f l i g h t  l i n e ,  - + 8% 
TBZiEWL INFRARED 
- 
Reconofax I V ,  8 - 14 microns, automatic  ga in  s e t t i n g ,  unca l ib ra t ed ,  
Mission: NASA ERAP 82, November 1968, 10,000' a l t .  (over 3 Boston samples) 
and 8,500' (over Connecticut Valley samples).  
Convair CV-240. 
time 11 AM - 12 noon l o c a l  
Scale of o r i g i n a l  imagery: 1:120,000 average ( sub jec t  t o  28% 
v a r i a t i o n  due t o  (1) x-y d i s t o r t i o n ,  
and (2) d i f f e r e n c e  i n  f l i g h t  a l t i t u d e .  
e chips:  approximately 2x enlargements 
s i z e  1.2 inches  t r a n s v e r s e  x 1.7 inches  p a r a l l e l  
t o  f l i g h t  l i n e ,  o r  approximately 1 .3-mi les  t r a n s v e r s e  
x 1.4 mi l e s  p a r a l l e l  t o  f l i g h t  l i n e ,  + 15% 
s c a l e  1: 48,000 t r a n s v e r s e  and 1: 72,600 p a r a l l e l  t o  f l i g h t  
l i n e ,  + 13% 
- 
OPT I C A L  
-- 
6" h e a l  l eng th ,  Ektachrome 8442 f i l m  wi th  haze-and a n t i v i g n e t t i n g  
f i l t e r s  (Ektachrome I n f r a r e d  Aero, 8443, a l s o  a v a i l a b l e ,  taken 
t h r u  500 nm f i l t e r  i n  6" f o c a l  length ,  RC-8 camera, bu t  under- 
exposed). 
Mission: same as f o r  TIR above 
-- 
Scale of o r i g i n a l  imagery: 1:18,500 average ( sub jec t  t o  8% v a r i a t i o n  
due t o  a l t i t u d e )  
: approximately 114 x reduct ions  
s i z e  1.6 inches  t r ansve r se  x 1 .3  inches p a r a l l e l  
t o  f l i g h t  l i n e ,  o r  approximately 1 .8  mi l e s  t r ansve r se  
x 1 . 3  mi les  p a r a l l e l ,  + 20% 
s c a l e  1: 68,300, + 9% 
- 
Annex B 
INSTRUCTIONS FOR 
RADAR - T I R  COMPARISON TEST 
Mater ia l s :  
12 enlarged paper p r i n t s  ( s i x  r ada r  and s i x  TIR) of t h e  same s i x  
a r e a s  i n  New England w i l l  be  furnished.  Supporting p o s i t i v e  
t r anspa renc ie s  a t  con tac t  s c a l e  a l s o  w i l l  be  ava i l ab l e .  
S ize  of a rea :  
approximately 2 mi l e s  square.  
Sca le  of p r i n t s :  
roughly 1" equals  1.5 mi l e s  (p lus  o r  minus 50%). 
Included a r e  a r e a s  of CBS-industrial-commercial usage, high 
dens i ty  urban r e s i d e n t i a l ,  low dens i ty  urban r e s i d e n t i a l .  I s w  dens i ty  
r u r a l ,  intra-urban wooded parkland,  and r u r a l  count rys ide ,  
Radar images : 
J u l y  1966, K-Band, HH 
TIR images: 
November 1968. 1 O : O O  A.M. - 12 noon. 10,000 f e e t .  
Reconofax I V .  8-14 microns. 
Problem: 
1. Using overlay m a t e r i a l s ,  draw a p e n c i l  l i n e  t o  s e p a r a t e  built-up 
from nonbuilt-up a reas .  Minimum s i z e  of bu i l t -up  a reas  de l inea t ed  
depends on s c a l e  and r e s o l u t i o n  of t h e  imagery. B e  as d e t a i l e d  
a s  p r a c t i c a b l e .  
(Obviously, i n  a h igh  dens i ty  c i t y  r e s i d e n t i a l  a r e a ,  each dwelling 
cannot be shown sepa ra t e ly .  However, exclude parks and other non- 
bui l t -up  s i t e s .  I n  t h e  country i f  you can d i sc r imina te  an i n d i v i d u a l  
dwell ing o r  group of farm bu i ld ings ,  draw an  ind iv idua l  c i r c l e  
around them. I f  t h e r e  a r e  s i x  farms s c a t t e r e d  a t  'blpen" intervals 
along a r u r a l  road,  show a l l  s i x  s epa ra t e ly .  I f  they are too  c lose  
toge the r  t o  e a s i l y  and c l e a r l y  s e p a r a t e ,  draw a l i n e  around the 
group 
2. Do o u t l i n e  a l l  e a s i l y  d i s t i n g u i s h a b l e  water  bodies ,  t o  a i d  i n  
o r i e n t a t i o n .  Color them blue.  (You w i l l  no t  be scored on t h e s e ) ,  
3. Do show a few key l i n e a r  f e a t u r e s  such a s  roads,  r a i l r o a d s  and power 
l i n e s .  Do n o t  show many, nor  at tempt  t o  d i f f e r e n t i a t e  them, (You 
w i l l  no t  be  scored on these ) .  
Product : 
Turn in 12 over lays  a t  t h e  s c a l e  sf paper p r i n t s  furn ished  
(radar ist 3x,TIR i s  ax),  with  water  bodies  i n  b l u e  and a few 
l i n e a r  f e a t u r e s  sketched i n ,  p l u s  l i n e s  s epa ra t ing  bui l t -up  
from nonbuilt-up araa@, 
YOU are f r e e  t o  use t raneperenc iae ,  l i g h t  t a b l e e ,  magni f ica t ion  
and s t h e r  r o u t i n e  aide,  
Time : 
No time limit . 
'YOU WILL be scored  a g a i n s t  a c e l l u l a r ,  ground-truth-gridded map. 
You will win p o i n t s  f o r  h i t s ,  and LOSE POINTS EQUALLY FOR BOTH MISSES 
AND FALSE ALARMS. 
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ILLUSTRATIONS 
Figure 1. Location of the Sample Areas. 
--
a. Radar. 
(lnterpreterls score 78). 
Stippled "~alt-with-~e~~er" patterns 
well shown in lower left corner. 
Neither street counts nor house 
counts generally practical. 
b. TIR. 
(Interpreter's score 91). 
Linear "corn-on-cob" patterns wide- 
spread. Street counts practical, 
house counts not. Note temperature 
differences in the lakes. 
c. Optical. 
(Interpreter's score 98). 
Both street and house counts 
practical. (From an Ektachrome 
negative) 
Figure 2. Multisensor Images, Low-Medium Density 
Area (Winchester, Massachusetts). 
Figure  3. Winchester, Massachusetts Samp1e:A Low-Medium Density 
Built-Up Area. 
The i n s e t  shows ground t r u t h  f o r  t h e  a r e a  marked, 
inc luding  i n t e r f a c e s  between bui l t -up  and nonbuilt-up, 
roof m a t e r i a l  e f f e c t s ,  and t r e e  cover inf luence  
( v e r t i c a l  photo taken i n  e a r l y  autumn,,oblique i n  
e a r l y  sp r ing ) .  
Radar. 
(Interpreter's score 59). 
Blooming, rather than stippled patterns, 
characterizes this built-up area. 
Neither street nor house counts 
practical. 
b. TIR. 
(Interpreter's score 84). 
Edges of the built-up area show 
clearly, although normal linear patt- 
erns somewhat fragmented. 
Few street counts and no house counts 
practical. The dark rural areas are 
forested. 
c. Optical. 
(Interpreter's score 97). 
Both street and house counts practical. 
(From an Ektachrome Aero Infrared 
negative). 
Figure 4. Multisensor Images, Rural-Town Built-Up Area 
(Windsor, Vermont). 
(Anscochrome nega t ive ,  J. Sommer ; 
Figure 5. Windsor, Vermont, Sample Area. 
Connecticut River  i n  t h e  foreground. The prominent, 
l igh t - toned ,  mult iple-arch vau l t ed  roof nea r  t h e  r i v e r  
on t h e  l e f t  is  p a r t  of t h e  Goodyear h e e l  p l an t .  
c. Low-emissivity 
roof 
b. Radar 
F igure  6 .  High-Medium Density Built-Up Area, a s  shown by Line-Scanners, 
The Waltham, Massachusetts sample. This  gene ra l  area 
- 
averages 6,500 people pe r  squaLe mile .  
The cold s p o t  on t h e  TIR image (8-14 microns) owes i t s  o r i g i n  
t o  t he  sawtooth roo f ,  which has been covered completely with 
heavy roof ing  f a b r i c  and doused wi th  aluminum p a i n t ,  
. . 
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r,.Abs:rac:s Th, applicakion of aerial photo-interpretation t o  estimation of &eUiag wits 
irs m a s  of high population density i s  examined. In  th i s  study, color i n f r a e d  photog- 
rap* of metropolitan Boston a t  a scale of 1:20,000 i s  found capable of providing t h e  
signatlmres necessary for  making accurate dwelling unit  estimates. 
Regetitive multisensor overflights of New England have mzde it possible to 
cmpare direct ly the utility of radar and t h e ~ a l  line-scanners with optical systecis f o r  
d iserbinat ion of built-up areas. Six sample areas were selected, three frm Boston 
metropolitan area and three from the Comecticut Valley. It was determined that t h e  
op',ical system could be used with confidence, tbe themel infrued %res weep-keble, axd 
%he sadam: was marginally acceptable; scanning sensors are a t  the i r  best d e p i c t b g  urban 
patterns,not rura l  ones; and there are essentially no built-up area targets against 
wMch Line-scan systems perform better  than optical ones. 
- - 
J3Ccmfilt A n a l y s ~ s .  (5,. Descrtplois 
Photoiateqretation, Inf'rmed detection, Rada  detection, Urban w e  I 
mrared seaners ,  Aerial cameras I 
I 
